Training is one of the most important and widely-used applications of immersive virtual reality (VR). Research has shown that immersive virtual environments (VEs) are beneficial for training motor activities and spatial activities, but it is unclear whether immersive VEs are beneficial for purely mental activities, such as memorizing a procedure. In this paper, we present a between-subjects experiment comparing two levels of immersion in a procedural training task. For the higher level of immersion, we used a large L-shaped projection display. We used a typical laptop display for the lower level of immersion. We asked participants to memorize two procedures: one simple and the other complex. We found that the higher level of immersion resulted in significantly faster task performance and reduced error for the complex procedure. We hypothesize that the higher level of immersion helped users to memorize the complex procedure by providing enhanced spatial cues, leading to the development of an accurate mental map that could be used as a memory aid.
Introduction
Virtual reality (VR) has had an important impact in fields such as medicine, military, entertainment, and architecture. In particular, many domains have made use of VR technologies for training. For example, VR has been used extensively in training pilots [e.g., Brooks 1999] , fire-fighters [e.g., Tate et al. 1997] and medical doctors [e.g., Delp et al. 1997] . Immersive virtual environments (VEs) have inherent advantages for training. VEs allow trainees to access a wide variety of training scenarios that are difficult to reproduce in the real world. For some types of training (e.g., pilot training); immersive VEs can offer lower costs and reduced danger. We can attribute the success of these applications to the facts that immersive VEs allow full-body interaction in motor training and provide enhanced spatial cues [Ponder et al. 2003 ] in tasks that require spatial decision-making. Immersive VEs have also been proposed for other forms of training, such as procedural [Johnsen et al. 2005; Ponder et al. 2003 ] and conceptual training [Allison and Hodges 2000; Johnson and Rickel 1997] , particularly in the area of education. However, there is little evidence of the effectiveness of immersive VR for these types of training. In this work, therefore, we address the following research questions:
• Can immersive VR aid trainees in memorizing a procedure?
• Will higher levels of immersion result in more effective procedural training?
To understand the second question, we need to define the term immersion more precisely. According to Slater [Slater 2003 ], immersion is the objective level of fidelity of the sensory stimuli produced by a VR system. In other words, immersion depends only on the technology used to produce the VE, and is not necessarily related to the user's experience of the VE (the sense of presence). With this definition, we can speak of levels of immersion, rather than using terms such as "non-immersive" and "immersive" VR. Furthermore, we observe that the overall level of immersion is made up of many components, such as field of view, resolution, and stereoscopy. We hypothesize that VEs with a high level of immersion will produce more effective procedural training since such VEs provide enhanced spatial cues, and spatial location can be used to help memorize a procedure.
In this paper, we present an experiment comparing a higher level of immersion (using a large L-shaped two-screen projection display) with a lower level of immersion (using a typical laptop display). In the experiment, we measured the performance of participants in memorizing both simple and complex procedures to determine the effect of level of immersion on performance in a procedural training task.
In the next section, we review related work in this area. This is followed with a more detailed discussion of our hypothesis and a description of our experimental design and results. We conclude by summarizing our findings and proposing future work.
Related Work
Training was one of the first and most important applications of VR; medical and military training in particular have been popular. As stated in the introduction, VEs have been used successfully for two major types of training: for motor skills and spatial decision-making.
Laparoscopic surgery requires precise motor skills, and thus can make use of VR for training [Botden et al. 2007 ]. The application gives sensory feedback while performing the operation using 3D input devices, resulting in effective training. Fire fighting requires real-time spatial decision-making, because the fire fighter must establish a path to escape the fire. VR systems used for training fire fighters [Tate et al. 1997] provide the necessary spatial cues to produce effective training. Training applications using simulators, such as vehicle and infantry simulators [Brooks 1999 ] can be used for both motor training and training of spatial decision-making.
We claim that immersive technologies are successful in these areas because they provide the appropriate spatial cues (e.g., stereoscopy, motion parallax, etc.) and sensory-motor feedback (e.g., proprioception [Mine et al. 1997] , haptics [Dinh et al. 1999] ) to allow effective training. We want to explore whether VEs, in particular immersive VEs, can be effective for procedural training. In the past procedural training and conceptual learning applications of VR have been explored by many other researchers. For example, several projects have explored whether users can learn a procedure through interaction with a virtual agent in a VE [Johnsen et al. 2005; Johnson and Rickel 1997; Ponder et al. 2003 ]. Others have hypothesized that content will be more memorable if students experience it firsthand in an immersive VE [Allison and Hodges 2000; Salzman et al. 1999] . Researchers in some cases have attempted to measure the effectiveness of the training/learning [e.g., Johnson and Rickel 1997] , but it has proven difficult to quantify the benefits of immersion for learning. In particular, we are not aware of any studies that examine the impact of level of immersion on procedural training with VEs.
Hypothesis
Why should VEs in general and immersive VEs in particular support procedural training? We know that VEs provide good spatial cues, and that immersive VEs enhance these cues in a realistic way [Sherman and Craig 2003 ]. It has also been shown that a higher level of immersion leads to better spatial understanding and spatial memory [Dinh et al. 1999; Schuchardt and Bowman 2007; Tan et al. 2003 ]. We claim that spatial memory can be used as a substitute for procedural memory; i.e., a person can remember a procedure by remembering the spatial locations of the objects or steps used in the procedure. This is similar to the "method of loci" used in classical times [Ericsson 2003 ], in which one memorizes a speech or list by associating each piece with a physical location in the mind [Mania and Chalmers 2001] . Thus, since higher levels of immersion provide enhanced spatial cues and better spatial memory, we claim that they can also provide more effective procedural training, as long as the procedure can be mapped to spatial locations.
Experiment
We conducted a formal experiment to test our hypothesis. We trained participants on two procedures, and compared performance with two different levels of immersion.
Participants
Fourteen voluntary, unpaid participants (eight men and six women) took part in the experiment. Their mean age was 23. All of them reported daily computer use. Two of them had used immersive VEs, while eight had video game experience.
Experimental Design
There was a single independent variable in our experiment: level of immersion. The low level of immersion made use of a typical laptop display, while the high level of immersion was implemented with a large L-shaped two-screen projection display. See section 4.3 for more detail on the hardware and software used in these two conditions. Other factors, such as the input device, navigation technique, environment design, and task, were held constant across both conditions.
The experiment used a between-subjects design. The 14 participants were divided randomly into two groups with three females in each group. The dependent variables in the experiment were the time taken to recall each learned procedure, and the number of errors in describing the procedure.
Procedure
Before beginning the experiment, participants practiced the navigation technique until they were satisfied that they could use it effectively to navigate the virtual room. The tasks in the experiment involved memorizing procedures in an environment loosely based on a hospital emergency room. The first task was a simple ten-step scenario involving four objects. The second task was more complex, consisting of 31 steps involving 14 objects.
For each task, the experiment was divided into three phases. In the Training phase the experimenter first identified the objects that would be used in the procedure, and then explained each step of the procedure in detail. The participant was taught to describe the steps of the procedure in specific terms. For example, three steps might be described as: "pick up the purple bottle," "apply it to the wound," and "put it back."
The Practice phase allowed participants to recall, with the experimenter's assistance, the procedure from the training phase. In this phase we asked the participant to verbally describe the procedure, following the protocol from the training phase. If a participant made a mistake or could not recall the next step, we helped him/her to remember the correct step in the procedure.
In the Final Assessment phase, participants were asked to recall the entire procedure without any assistance. Only when the participant provided the current step correctly did the scenario move on to the next step.
We measured both time and errors in the Practice and Final Assessment phases. We also measured the time taken to complete the Training phase for each task. 
System Implementation
The lower level of immersion used a typical laptop display with a resolution of 1024x768 pixels on a 15.4-inch screen. An XBox 360 game controller was used as the input device. The left analog stick was used to move forward, backward, strafe left and strafe right. The right analog stick was used to move up and down. The left and right keys on the directional pad were used to rotate left and right. Participants in this condition sat in a chair in front of the display; the physical environment was quiet with dim lighting. The Irrlicht game engine [irrlicht.sourceforge.net] was used to render the environment in this condition. The higher level of immersion (see Figure 1 ) made use of two VisBox-X3 displays [visbox.com] , in an L-shaped configuration. Each display had a 10'x7.5' screen with rear-projection, and is 7.5' deep. The projectors display SXGA+ resolution (1400x1050) on each screen. In our experiment, monoscopic graphics were rendered on each display. This condition made use of the same input device and interaction technique as in the lower level of immersion condition. Participants stood near the centre of the L-shaped display, approximately eight feet from the seam between the two screens. The environment was rendered by the DIVERSE toolkit [Kelso et al. 2003 ].
The physical field of view (FOV) of these two displays was obviously very different. In the low-immersion condition, the physical horizontal FOV was approximately 15 degrees, while the horizontal FOV for the high-immersion condition was nearly 180 degrees. In the high-immersion condition, the software FOV was set to match the physical FOV, so that the user's view of the environment was not distorted. For the low-immersion condition, however, we used a software FOV of 72 degrees, since it is wellknown that users can adapt to the perspective distortions induced by larger software FOVs on desktop displays. We chose this value so that the user was able to see the entire room at a glance on the laptop display, so that users' performance in the low-immersion condition was not adversely affected by the requirement to navigate to see all the objects involved in the procedure.
The virtual environment consisted of a simulated emergency room containing a virtual patient, tables, a vital signs monitor, and various medicines, bandages, and surgical instruments. Figure 2 illustrates the contents of the virtual room for the complex scenario. The model was produced using Flux Studio [mediamachines.com]. 
Results
We analyzed the data by performing a series of t-tests (assuming unequal variance) comparing the time taken in the lowand high-immersion conditions for each phase of each task, and comparing the number of errors made in the two conditions for the practice and assessment phases of each task.
We found no significant differences between the conditions for either of the metrics in task 1 (the simple task). Figure 3 shows the time taken in each phase and condition for task 1; there were no errors in the practice or assessment phases for either condition.
We did, however, find significant differences between the two conditions in task 2 (complex task). The mean time to complete the assessment phase for task 2 was 110.2 seconds for the low-immersion condition and 77. 9 seconds for the highimmersion condition (t = -2.72, p < 0.01). The difference in time was not significant for the training and practice phases (Figure 4) . Figure 5 shows the average number of errors in the practice and assessment phases for the two conditions. Both of these differences were also significant. In the practice phase, users in the low level of immersion made an average of 3.86 errors, while users in the high level of immersion made an average of 2.29 errors (t = -2.69, p < 0.01). In the assessment phase, these averages were 3.57 and 0.71 errors, respectively (t = -2.96, p < 0.01). In each case where a significant difference was found, users performed better in the high-immersion condition. Thus, we conclude that increased immersion resulted in higher levels of training effectiveness for the complex procedural learning task in this experiment. 
Discussion
A key feature of our results is that increased immersion had no effect when the procedural learning task was simple; most subjects were able to remember the procedure perfectly after training in either condition. But for the more complex procedure, increased immersion had a highly significant positive effect on performance, particularly for the error metric. This suggests that with the amount of training we provided, the higher level of immersion was needed in order to learn the procedure effectively. Finding a benefit of immersion only in complex tasks is consistent with our prior results for other task types. For example, in a study of spatial understanding in a visualization application, we found the same distinction between simple and complex tasks [Schuchardt and Bowman 2007] . Our experiment on single-user object manipulation showed no differences based on level of immersion [Bowman and McMahan 2007] , but a separate study on collaborative object manipulation (a more difficult task) indicated that stereo improved user performance [Narayan et al. 2005] .
Our hypothesis in this experiment was supported. We believe that procedural learning with a higher level of immersion was more effective because participants could make use of enhanced spatial cues as a memory aid. In the high-immersion condition, the objects in the environment were spread out spatially, affording the use of head turning and pointing, and could be remembered based their spatial location, while in the low-immersion condition, all of the objects were "squeezed" into a much smaller physical space. At this point, however, we have only scant evidence for this theory. Seven of the eight participants in the high-immersion condition believed that the size of the display was partially responsible for their ability to memorize the procedure. Most of the participants in the low-immersion condition mentioned that their memorization strategy was based on object color (not on spatial position of the objects).
What this experiment cannot tell us is which component of immersion resulted in the observed difference between the two conditions. The conditions differed in at least the following ways: FOV, software FOV, field of regard, screen size, and screen shape. A follow-up experiment is needed to determine which component(s) have a positive effect on procedural learning.
Conclusion and Future Work
We have demonstrated that a higher level of immersion can be more effective in the learning of complex procedures that reference spatial locations. The implication of this finding is that immersive VR systems may be suitable for procedural training in a wide variety of domains that require students or workers to memorize complex procedures.
In the future, we plan to run a follow-up experiment to examine the effects of individual components of immersion on procedural learning. Using a CAVE system, we plan to independently vary the physical FOV, software FOV, and field of regard in the training of a complex procedure involving objects in a 3D environment. In addition, we plan to validate our results by assessing the effectiveness of the training not only in the virtual environment, but also in a real-world setting.
